ABSTRACT The bloodmeal hosts used by Culex tarsalis Coquillett collected along the Salton Sea in Coachella Valley, CA, during 1998 Ð2002 were identiÞed using sequences of the cytochrome c oxidase I gene identiÞed from Barcode of Life database. Overall, 265 (83.3%) of 318 bloodmeals were identiÞed, of which 76.6% fed on birds, 18.1% on mammals, and 5.3% on reptiles. Forty-seven different hosts were identiÞed, none of which comprised Ͼ12.5% of the total. Although Cx. tarsalis exhibits speciÞc host-seeking ßight patterns, bloodmeals seemed to be acquired opportunistically, thereby limiting potential arbovirus transmission efÞciency in species-rich environments.
The frequency of bloodmeal acquisition from competent hosts is a key factor in understanding the vectorial capacity of Culex mosquitoes for the North American encephalitides, including West Nile virus (WNV). The distribution of bloodmeals among competent and noncompetent hosts in rural areas with high host diversity seems to create a dilution effect that limits virus ampliÞcation to spill-over levels where tangential transmission to humans and equines leads to outbreaks (Swaddle and Calos 2008) . This dilution effect may be compensated by the vector preferentially selecting hosts that are moderately or highly competent, such as the apparent preference by Culex pipiens Linnaeus for American Robins in the eastern United States (Kilpatrick et al. 2006) .
The Salton Sea, associated wetlands, and upland agricultural habitats in southeastern California are exploited by a remarkably diverse avifauna as well as abundant mosquito populations dominated by the encephalitis vector, Culex tarsalis Coquillett. Warm winters and hot summers combine to create ideal conditions for the enzootic maintenance and ampliÞcation of arboviruses, including, historically, western equine encephalomyelitis and St. Louis encephalitis (SLEV) viruses (Reisen et al. 2002) and, recently, WNV (Reisen et al. 2008) . However, few human or equine cases have been reported from this area of California (http://www.cdc. gov/ncidod/dvbid/westnile/USGS_frame.html), supporting the notion that high avian diversity may dampen transmission efÞciency in rural areas (Ezenwa et al. 2006 , Loss et al. 2009 ). Possible mechanisms leading to these patterns relate to mosquito host-seeking and opportunistic blood-feeding behaviors that may divert bloodmeals to low and moderate virus competent avian and mammalian hosts, including humans and equines. This "dilution concept" (Swaddle and Calos 2008) is similar in outcome to the "zooprophylaxis" effect of domestic mammals described previously for encephalitides (Hess and Hayes 1970) .
The host selection patterns of mosquitoes at the Salton Sea initially were investigated using serological techniques (Tempelis 1975) . The initial survey of females collected by traps at farmsteads in Imperial Valley found that Cx. tarsalis fed equally on mammals (horses, cattle) and birds (chickens, passerines) (Gunstream et al. 1971 ). Subsequently, an attempt was made to collect replete resting females from natural settings, but except for rabbits, bloodmeals were again taken mostly from passerine birds (Lothrop et al. 1997 ), which could not be identiÞed to species using serological methods. Recently, we used molecular methods based on sequencing of the cytochrome c oxidase I (COI) gene to speciÞcally identify host species (Thiemann et al. 2012a ) using the Barcode of Life system (Ratnasingham and Hebert 2007) . This system was used to identify the bloodmeal hosts of Cx. tarsalis and Culex quinquefasciatus Say collected throughout the Coachella Valley (Thiemann et al. 2012b ). This survey found that Cx. tarsalis females fed on a wide variety of avian and mammalian hosts, with 36 host species identiÞed from 69 bloodmeals collected during 2007Ð2009. Interestingly, few bloodmeals were detected from rabbits.
The current survey reports on the identity of bloodmeal hosts of Cx. tarsalis females collected during 1998 Ð2002. Between this period and the previous 2007Ð2009 survey (Thiemann et al. 2012b) , the Salton Sea was intentionally lowered (Fig. 1) , markedly altering shoreline ecology and eliminating much of the seminatural wetlands historically exploited by a vari-ety of wetland bird species. Our current survey compares bloodmeal host diversity during these two sampling periods and extends our knowledge of Cx. tarsalis host selection at wetlands and surrounding agricultural habitats.
Materials and Methods
Salton Sea. Blood-fed Cx. tarsalis females were collected along the north, western, and southeastern shores of the Salton Sea within the Coachella Valley of Riverside County, CA. The Sea lies within the Salton Sink of the Colorado Desert of Southeastern California; it was Ϸ70 m below sea level and covered an area of Ϸ1,300 km 2 at the time of this study. The Sea was created in 1905 by ßooding of the Colorado River into Imperial Valley, an event prevented thereafter by the building of the Hoover Dam. As the Sea has no outßow, it has become progressively saline over time, with a current salinity of Ϸ44 g/L (http://ceimperial. ucanr.edu/Custom_Program275/Salton_Sea_and_ Salinity/). High salinity/alkalinity, hot summer temperatures, and algal blooms, possibly created by fertilizer run-off, have grossly simpliÞed the fauna of the sea; however, artesian upwelling and irrigation canals have facilitated extensive upland agriculture, lowland aquaculture, and wetlands managed for migratory waterfowl. In combination, these diverse habitats and the PaciÞc ßyway have created one of the most diverse avifauna found in North America, with more than 400 bird species recorded from the Sea and its environs. In 2003/2004, the California State Legislature directed the California Resources Agency to prepare a plan for the restoration of the Salton Sea, which included reducing the available surface area from 945 to 381 km 2 , thereby the lowering of the elevation of the Sea (http://saltonsea.ca.gov/media/ppr_summary. pdf). To pay for this restoration, starting in 2004, Colorado River water was diverted from the Sea, with a target elevation of Ϫ71 m below sea level.
Mosquito Collection. During 1998 Ð2002, partial and replete blood-fed females were retained from samples taken during a variety of ecological studies. Replete ßying females were collected by nonbaited suction traps deployed along vegetative ecotones to study mosquito ßight paths (Lothrop and Reisen 2001) . Partially blood-fed females were collected host-seeking at dry ice-baited Centers for Disease Control and Prevention (CDC) style traps (Newhouse et al. 1966) . Resting females were aspirated from walk-in red boxes (Meyer 1987) or plastic garbage cans (Lothrop et al. 2007 ) as well as from vegetation during attempts to monitor the abundance of the resting population. The 2007Ð2009 survey used similar sampling methods at generally the same habitats sampled during 1998 Ð 2002, although speciÞc sites varied because of changes in the landscape. Mosquitoes were anesthetized with triethylamine, identiÞed and sorted by feeding status under a dissecting scope, bloodfed Cx. tarsalis females placed into individual gelatin capsules, and then stored in labeled cryovials at Ϫ80ЊC until tested during 2012.
Bloodmeal Identification. DNA was extracted from blood in mosquito abdomens and identiÞed using procedures described previously (Thiemann et al. 2012a ). This system was validated initially using blood samples from more than 120 avian species collected from California as well as selected domestic mammals, including cow, horse, goat, and dog. Brießy, DNA was extracted using the DNAeasy 96 Blood and Tissue Kit (Qiagen, Valencia, CA) using the Animal Tissue protocol. A nested polymerase chain reaction was used to Þrst amplify the mitochondrial gene COI and then the 658-bp "barcoding region of the COI gene" (Ivanova et al. 2006 , Cooper et al. 2007 ). Amplicons were puriÞed and then capillary array sequenced by the College of Agricultural and Environmental Sciences Genomics Facility at the University of California Davis. Sequences were identiÞed using the Barcode of Life Data Systems (BOLD) IdentiÞcation Engine (Ratnasingham and Hebert 2007) .
Bird Relative Abundance. The frequency of occurrence of avian species throughout the year during the two sampling periods 1998 Ð2002 and 2007Ð 2009 was downloaded from eBird (Sullivan et al. 2009 ), a project developed by Cornell Laboratory of Ornithology and the National Audubon Society to monitor avian occurrence from citizen-based reporting. We considered abundance as the proportion of citizen-submitted checklists that reported a species from the Salton Sea reporting area of California during each of the two sampling periods.
Results
In total, 265 (83.3%) bloodmeals were identiÞed from the 318 Cx. tarsalis samples tested (Table 1) . Of the 53 not identiÞed to species, 45 showed no DNA ampliÞcation likely because of sample degradation and/or low blood volumes in mosquitoes collected from CO 2 traps, whereas Þve produced good sequences that were visible as DNA on gels, but could not be adequately matched using the BOLD search engine and database. A similar matching problem also was encountered for a few samples collected during the 2007Ð2009 period (Thiemann et al. 2012b) . Three samples produced a mixed sequence probably related to successive partial bloodmeals taken from more than one host species.
Overall, Cx. tarsalis ingested blood from 47 different hosts. Most females (76.6% of identiÞed bloodmeals) fed on avian hosts, but these included 37 different species, none of which comprised Ͼ12.5% of the total (Table 1) . Cx. tarsalis fed most frequently on relatively large birds, including Mourning Dove, Black-Crowned Night Heron, and chicken, and there did not seem to be a preference for speciÞc taxa or birds with a particular nightroosting behavior. Noticeably absent were bloodmeals from corvids, which are relatively rare in Coachella Valley, and abundant gulls, shore birds, and pelicans that roost on sand spits. Previously, we reported that few Cx. tarsalis were collected hostseeking over open habitats such as sand spits as well as at snags over water in the Sea, although both habitats often supported large numbers of nightroosting birds (Lothrop and Reisen 2001) . Surprisingly few bloodmeals were taken from GambelÕs Quail that were abundant within desert brush and were frequently infected with arboviruses (Reisen et al. 2006) . It also was interesting to note variation in host selection among collection methods; for example, Cx. tarsalis females that fed on Mourning Dove, White-Winged Dove, and Greater Roadrunner were collected in suction traps and resting, but rarely were taken partially fed in CO 2 traps. Conversely, females that fed on Black-Crowned Night Heron and chicken were collected most frequently in CO 2 traps, perhaps indicating that they were frequently disturbed while feeding, took a partial meal, and were seeking to complete the feeding process when collected. These results also were affected by the juxtaposition of sampling methods to night-roosting locations. Mammalian hosts comprised 18.1% of the total bloodmeals identiÞed (Table 1) . Among the mammalian hosts, a species in the genus Rattus and domestic Dog were the most common hosts; only three females fed on humans. Rattus were identiÞed in BOLD as Rattus tanezumi, but likely are Rattus rattus Lineage II (Conroy et al. 2013) , as concluded previously (Thiemann et al. 2012b ). In Coachella Valley, R. rattus frequently live in trees where they forage at night for fruit, thereby exposing themselves to Cx. tarsalis hostseeking within the canopy. Interestingly, all rat feeds were identiÞed from females collected host-seeking at CO 2 traps. Similar to the 2007Ð2009 period (Thiemann et al. 2012b) , few females fed on rabbits, whereas our earlier survey using serological methods (Lothrop et al. 1997 ) identiÞed lagomorphs as a relatively frequent host.
IdentiÞcation of the reptile hosts was difÞcult. A single reptile species, Long-tailed Brush Lizard, comprised 5.3% of the total bloodmeals identiÞed. Five bloodmeals listed as "good sequence, no match" most likely also were reptiles based on search results, but remain unidentiÞed. Previous bloodmeal surveys indicated that Cx. tarsalis rarely feed on poikilotherms (Reisen and Reeves 1990) , but were attracted to reptile hosts exposed in lard can traps (Dow et al. 1957) .
Discussion
Despite ecological changes at the Salton Sea, utilization of different sampling sites, and more intensive mosquito control to combat the WNV outbreak, the diversity of bloodmeal hosts identiÞed during 2007Ð 2009 (0.38 host species/bloodmeal tested, 36 species, n ϭ 94) was greater than that observed during 1998 Ð 2002 (0.17 host species/bloodmeal, 47 species, n ϭ 265), with 20 of the same host species identiÞed during both surveys. Mourning Dove and chicken were among the most frequently selected hosts in both surveys; however, most bloodmeals seemed to be acquired because of ßight path encounters rather than strong selection and/or questing for speciÞc taxa. Similar high host diversity also was described for Cx. tarsalis collected at wetland habitats near Davis in the Sacramento Valley (Thiemann et al. 2012b) .
Using data from the Salton Sea area downloaded from eBird, there did not appear to be marked changes in overall diversity (number of species reported) or the frequency of reporting of species representative of different habitats, including herons that roost and nest at snags and trees, shorebirds that roost along the margin of the Sea, and passerines that nest in reed beds ( Table 2) . Three of three passerine species from reed habitats showed slight declines, but so did two control species that exploit upland habitats.
During 2003Ð2006, 7,900 sera were taken from 91 species of birds collected by mist netting or grainbaited traps at many of the same habitats used for mosquito collection near the Salton Sea, and sera were tested for antibodies against SLEV and WNV, of which 5.7% were positive (Reisen et al. 2008) . Columbiforms (Common Ground Dove, 29.8%; Rock Pigeon, 39%; White-winged Dove, 42.1%; Mourning Dove, 4%), GambelÕs Quail (10.3%), and Least Bittern (61%) were frequently positive, whereas species such as Black-Crowned Night Heron and Greater Roadrunner were collected too infrequently for comparison. Interestingly, quail were frequently seropositive, but comprised a relatively infrequent blood source in the current and previous surveys. With the exception of the Least Bittern, whose host competency is unknown, most frequently seropositive hosts were considered as low competent and probably dead-end hosts for SLEV and WNV (Reisen et al. 2003 (Reisen et al. , 2005 , unless infected when nestlings (Mahmood et al. 2004 ). In summary, Cx. tarsalis seemed to feed opportunistically on a wide variety of hosts encountered while host-seeking along ßight paths (Lothrop and Reisen 2001) , and did not focus on speciÞc taxa or birds exhibiting speciÞc nesting/roosting patterns. Therefore, the distribution of competent hosts along ßight paths seemed to determine where infectious bloodmeals were acquired and where transmission would occur most efÞciently. In Coachella Valley, the wide diversity of avian hosts fed on by Cx. tarsalis, many of which have unknown or low competence for WNV, most likely dampened the efÞciency of WNV enzootic transmission at locations near the Salton Sea, precluding effective ampliÞcation, and perhaps, in part, limiting the number of human cases reported from this region.
